The antibiotic chloramphenicol has been used extensively in recent years for studies of protein synthesis. Hahn and Wisseman' have shown inhibition of formation of adaptive enzymes by chloramphenicol in E. coli. Wisseman et al.2 have demonstrated suppression of incorporation of glycine-1-C'4 into protein by chloramphenicol. Smith' pointed out that chloramphenicol inhibited utilization of certain free amino acids in Staphylococcus aureus. Studies of Gale and Folkes4 and Wolff5 have established that chloramphenicol inhibited protein synthesis in bacteria and beans respectively without altering the rate of synthesis of nucleic acids.
The antibiotic chloramphenicol has been used extensively in recent years for studies of protein synthesis. Hahn and Wisseman' have shown inhibition of formation of adaptive enzymes by chloramphenicol in E. coli. Wisseman et al.2 have demonstrated suppression of incorporation of glycine-1-C'4 into protein by chloramphenicol. Smith' pointed out that chloramphenicol inhibited utilization of certain free amino acids in Staphylococcus aureus. Studies of Gale and Folkes4 and Wolff5 have established that chloramphenicol inhibited protein synthesis in bacteria and beans respectively without altering the rate of synthesis of nucleic acids.
In some preliminary experiments of Stebbins and Khush (unpublished), chloramphenicol was used to study the effect of reduction of protein synthesis on flowering of two genotypes of barley. A significant decrease in the number of days to flowering in plants treated with 0.01 per cent chloramphenicol was observed under long day conditions and full illumination with natural daylight. Furthermore, preliminary analyses of protein and nucleic acid content in meristematic tissues indicate that at some stages of development the ratio of protein/DNA is lower in hooded (KK) than in awned (kk) plants (Stebbins et al., unpublished) . Consequently, an analysis of the specific effects of this antibiotic on the metabolism of the two genotypes should provide evidence for a better understanding of the action of the hooded (K) gene. The following is a report on the effects of chloramphenicol in altering the free amino acid content of hooded and awned seedlings.
Materials and Methods.-Seeds of the two genotypes were obtained from C. A. Suneson, Department of Agronomy, University of California, Davis. The k gene was represented by Atlas 46, a six-rowed spring variety. The hooded genotype was produced by seven generations of back-crossing of a hooded variety to Atlas followed by two generations of backcrossing to Atlas 46 and 13 generations of selfing and selection for standard hooded expression.
Six-day-old seedlings were used throughout this study. Seeds were soaked for 24 hr in deionized water and then transferred to a filter paper in contact with 0.01% chloramphenicol solution in a large Petri dish. In the controls, the filter paper was in contact with deionized water. The cultures were grown in an incubator at 20'C with 18 hr of fluorescent light daily.
After five days, seven gram samples of whole seedlings of each culture were inactivated by boiling for 5 min in 50 ml of 70% ethanol and homogenized in a Virtis homogenizer. The homogenate was centrifuged, the supernatant being passed, 1 drop per second, through a 10 X 1 cm2 column Amberlite IR-120 cation exchange resin. Each sample was extracted three additional times with 70% ethanol, the extract being passed through the resin column.
The amino acids were eluted from the resin with 45 ml of 10% NH40H. The eluate was evaporated to dryness overnight under a stream of air at room temperature. The residue was redissolved in 1 ml of 20% ethanol. This solution containing the free amino acids was used for analysis.
Analysis of the amino acids of the plant extracts was carried out by paper partition chromatography with quantitative modification described by Marble.7 Sheets of Whatman No. 1 filter paper were spotted with 5X of extracts. The development of the papers, by descending chromatography, was first in the long direction with n-butanol, acetic acid, and water, 6.3:2.7: 1 (v/v/v) for 42 hr. The papers were then dried and developed in the short direction for 27 hr with 80%, Mallinckrodt phenol in an NH4OH atmosphere. The papers were then dried, sprayed with 0.3% solution of ninhydrin in water-saturated n-butanol, dried for 30 min at 60'C and placed in the dark for 40 hr for maximum color development. The individual amino acids were tentatively identified (1) by comparing Rf values with those of known standards and (2) by overspotting the plant extract applied to the paper with a given known standard and observing a specific spot increase in density of coloration when sprayed with ninhydrin.
The papers were read on a Photovolt Transmission Densitometer using a 525 my filter and a 3/16 inch aperture. Each spot was scanned for its highest density. Quantitative determinations of the amino acids were carried out by extrapolation from standard curves elaborated by chromatography of five concentrations of a composite solution of standard amino acids. The curves were obtained by plotting the maximum densities of individual acids from the five standard solutions as the abscissa and the concentrations as the ordinate on 2-cycle semilogarithmic paper.
Per cent nitrogen of tissue from which the free amino acids had been extracted was determined by the Kjeldahl method using selenium oxychloride as catalyst. The tissue was dried and ground through a 40-mesh screen. Samples of 500 mg dry weight were then used for nitrogen determinations.
The experiments were set up as randomized complete block designs and the appropriate analysis of variance was carried out. The chromatographic results presented in this communication are based on six to eight replications in the case of amino acids and five replications in the case of nitrogen of insoluble residue.
Results.-Free amino acid constitution of hooded and awned seedlings is shown in Table 1 and Figure 1 .
The two genotypes differed conspicuously in six acids. The greatest genotypic difference between kk and KK was shown by asparagine, a-alanine, and y-aminobutyric acid. Levels of glutamic acid, glutamine, and proline showed a smaller, but still significant genotypic difference. Genotypic differences in regard to the other amino acids were not significant. Quantitatively, the hooded seedlings exceeded the awned in glutamic acid, a-alanine, and y-aminobutyric acid while being lower in asparagine, glutamine, and proline.
Of the 17 amino acids analyzed, the treatment with chloramphenicol had no significant effect in the case of 5, produced a significant decrease in respect to 8, and a significant increase in the content of glycine, a-alanine, and -y-aminobutyric acid. Except for proline, in which the difference observed in our experiment was not signifi- whether the action of chloramphenicol was actually inhibiting protein synthesis in the treated seedlings, the nitrogen content of the residue insoluble in 70 per cent ethanol was determined by the Kjeldahl method described in the preceding section. The results are given in Table 2 . This significant reduction in nitrogen content suggests that at least part of the reduced protein synthesis is brought about by partial inhibition of the incorporation of free amino acids into protein. It is interesting to note, however, that the nitrogen content of the residue is slightly higher in KK than in kk. This difference might mean that hooded plants possess a higher protein content than awned, but since the nucleic acids also contain nitrogen, this question cannot be settled until determinations have been made on residues from which nucleic acids have been removed. The slightly greater reduction in nitrogen content produced by the treatment in kk as compared to KK is not significant; hence, present data indicate that the depression of total protein synthesis by chloramphenicol is about the same in both genotypes.
Discussion.-The fact suggested by the present study which is of the greatest significance to genetic theory is that two genotypes which differ very strikingly in the morphology and anatomical structure of one reproductive organ, the fertile glume or lemma, and are indistinguishable either in external appearance or in overall growth characteristics at all other stages of development nevertheless differ from each other chemically, in the content of certain free amino acids at the seedling stage, which is as far removed as possible from the reproductive stage. This suggests that similar chemical differences will be found throughout the developmental history of the two genotypes.
Before this point can be discussed further, the problem must be considered as to whether the chemical differences between the genotypes studied are due to the action of the hooded gene itself or whether they could be due to other genes by which Atlas 46 and Atlas hooded might differ from each other. During the nine generations of backcrossing and the first ones of the 13 generations of selfing, hooded Atlas was being constantly selected for resemblance to Atlas 46 (ref. 6 , and personal communication of C. A. Suneson). Consequently, under the growth conditions employed in this laboratory, the two lines are remarkably similar in growth habit, tillering, leaf length and width, spike length, and all other visible characteristics except for the hooded lemmas. With the number of generations of backerossing and selection employed, they should be almost completely isogenic with respect to chromosomes other than that on which K is located, although differences probably exist between them with respect to genes located on the 4th chromosome and consequently linked to K. The best known of these genes is blue endosperm,8 and since both lines as acquired were found to be segregating for this character, white and blue seeds were sorted from each other, and their seedlings analyzed separately. With respect to the amino acids which showed differences between the two lines, no differences could be detected between seedlings from blue and those from white seeds. Furthermore, the difference in free amino acid composition between KK and kk was evident on both the blue and the white endosperm background, indicating that the Bl gene has no detectable effect on the amino acids in question.
Since such large disturbances of amino acid balance as those found in chloramphenicol-treated plants of Atlas hooded would be expected to have a profound effect on the growth of the plants concerned, at least at some stages of development, the possibility seems remote that they could be caused by genes with end effects so small that they could not be detected in plants being grown side by side under very similar conditions. Consequently, it seems most probable that at least the more pronounced differences in amino acid content between the two lines were actually produced by the action of the hooded gene itself rather than by undetected genes with small end effects which might also be located on chromosome 4. Preliminary experiments have been conducted on the effect of adding the amino acids concerned to mineral solutions in which plants of the hooded genotype are being grown. While the results of these experiments have not yet been consistent, nevertheless, there is good indication that added asparagine shifts phenotypic expression in the direction of awned, while extra glutamic acid accentuates the hooded phenotype. This is further evidence of an association between free amino acid content and the expression of the hooded gene. If this is true, then we must conclude that the hooded gene exerts a chemical effect in the seedling stage and probably throughout the life of the plant, i.e., at stages when its morphological effects cannot be detected. The striking morphological change which it produces in the lemma may be due to an even greater chemical effect exerted at this stage or to certain intracellular environments which translate this chemical effect into an alteration of cell growth and cell division and consequently of external morphology. Information on this point should be obtained from analysis of free amino acid content and other chemical characteristics at later stages of development.
The experiments with chloramphenicol treatment showed that significant genotype-treatment interactions occurred only in the case of certain amino acids of which the free content was already different in hooded and awned genotypes growing under normal conditions. Furthermore, in each case the alteration produced by chloramphenicol treatment was greater in hooded (KK) than in awned (kk) plants. This suggests that in the KK genotype, some enzyme associated with the metabolism of aspartic acid and asparagine, a-alanine, and y-aminobutyric acid is synthesized less efficiently in KK than in kk under normal conditions. If this were so, the general depression of protein synthesis produced by chloramphenicol would be expected to exert a stronger influence on this reaction in KK plants as compared to kk.
The possibility that the differences in free amino acid content reported in this paper are all the secondary effects of a difference in a single primary gene-controlled reaction is increased by the fact that the amino acids involved are all connected with each other by well-known biochemical pathways. The transamination of glutamic with oxalacetic acid to yield a-ketoglutaric acid and a-aspartic acid is a familiar and widespread reaction, as is also the conversion of aspartic acid to asparagine. The acids proline and -y-aminobutyric acid are frequently derived from glutamate.
The accumulation of a-alanine, which is greater in KK than in kk seedlings and is increased differentially by treatment with chloramphenicol, probably results from /-decarboxylation of aspartic acid. This decarboxylation may represent an alternate pathway of metabolism, which is intensified because of a partial blocking of the normal conversion of glutamic acid to other compounds.
Studies on bacteria have shown that chloramphenicol can interfere with reactions affecting these amino acids, while its interference with protein synthesis has been shown in a variety of systems. Smith3 observed inhibition by chloramphenicol of glutamic alanine transaminase in bacteria. However, since alanine is accumulated in extra amounts in barley seedlings treated with chloramphenicol, this particular inhibition is probably not taking place in our material. Gale and Paine9 demonstrated inhibition of glutamic acid accumulation in Staphylococcus aureus. Rabson and Novelli"°demonstrated that chloramphenicol inhibited the incorporation of leucine-O'4 into protein of a cell-free preparation from maize kernels.
Hopkins"' has shown that incorporation of amino acids into calf thymus protein was inhibited by chloramphenicol, while Lacks and Gros"2 demonstrated inhibition of incorporation of S5" methionine into protein of E. coti. Other workers have observed similar effects of the antibiotic on protein synthesis. ' If inhibition of protein synthesis were the only significant effect of chloramphenicol treatment in our experiments, the result should be an increase in the content of free amino acids which were not being incorporated into protein. The fact that, with the exception of glycine, the content of all of the protein-forming amino acids was either unaltered or decreased suggests that the most probable end effect of the treatment was to reduce the rate of enzymatic synthesis of certain amino acids by partially blocking the synthesis of the necessary enzymes.
Summary.-Seedlings of two essentially isogenic lines of barley, KK and kk, were treated with 0.01% chloramphenicol. The free amino acids were quantitatively analyzed in six-day-old seedlings. The treatment produced marked effects on some of the 17 acids, most of them being decreased by chloramphenicol. The results suggested that enzyme systems involved in amino acid utilization were affected and that synthesis of some of the amino acids was also disturbed. Protein synthesis was decreased by chloramphenicol. The genotypes showed conspicuous differences in quantities of six acids glutamic, asparagine, a-alanine, glutamine, -y-aminobutyric, and proline. Highly significant genotype-treatment interactions in the case of asparagine, a-alanine, and 'y-aminobutyric indicated differential response of the two genotypes to chloramphenicol and suggested a highly buffered system in the case of kk which, in contrast to KK, showed slight effects of chloramphenicol.
